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The Effect of Porphyromonas gingivalis
Lipopolysaccharide on the Pyroptosis of Gingival
Fibroblasts
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Abstract— Periodontitis is a chronic inflammatory disease induced by Porphyromonas gingi-
valis (P. gingivalis) and other pathogens. P. gingivalis release various virulence factors inc-
luding lipopolysaccharide (LPS). However, whether P. gingivalis–LPS inducing pyroptosis
in human gingival fibroblasts (HGFs) remains unknown. In present study, P. gingivalis–LPS
decreased the membrane integrity of HGFs, and pyroptosis-associated cytokines were upre-
gulated at the mRNA level. In addition, pyroptosis proteins were highly expressed in gingival
tissues of periodontitis. P. gingivalis–LPS induced gingivitis in the rat model, and the
expression level of pyroptosis-associated proteins increased. Together, P. gingivalis–LPS
can activate the pyroptosis reaction, which may be a pro-pyroptosis status in a relative low
concentration.
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INTRODUCTION

Periodontitis is a chronic progressive disease devel-
oped from gingival inflammation to alveolar resorption,
which is mainly caused by multiple pathogens [1], while
several associated risk factors, such as smoking, defective
prosthesis, and systemic diseases, may aggravate its pro-
gression [2]. Periodontitis has a high incidence worldwide
[3], while the mechanism of periodontium destruction at

the molecular level remains unclear. P. gingivalis is one of
the main pathogens involved in periodontal diseases, and
plays an important role in the development of the disease
[4]. The bacteria and their metabolites activate multi-
proteins oligomers, which may motivate immunoreaction
and induce damage to the host cells [5].

Programmed cell death (PCD) is a regulated cell
death mediated by a range of gene expression levels,
including apoptosis, necroptosis, and pyroptosis [6]. Apo-
ptosis is the active process that contributes to the elimina-
tion of injured cells and regeneration of healthy cells [7],
and is regulated by caspase-3 and caspase-7 activation [8].
At present, apoptotic cells present in the periodontium are
strongly correlated with periodontitis, confirming the role
of apoptosis in periodontitis [9]. However, apoptosis may
lead to pathogen elimination even before triggering host
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inflammation [10], which indicates the existence of other
forms of PCD in periodontitis. Necroptosis presents as
another form of regulated cell death found in cases of
infection and sterile inflammation environments [11]. This
involves inflammatory diseases correlated to interaction
with receptor-interacting serine-threonine kinase (RIPKs)
and mixed lineage kinase domain-like protein (MLKL)
[12]. In contrast to apoptosis, necroptosis cells release
intracellular substances into the extracellular environment
for immune recognition, instead of being rapidly cleared by
phagocytes [13]. Notably, necroptosis is also generated by
P. gingivalis to exert a detrimental inflammatory response
and impairment of the periodontium [14].

Pyroptosis, a newly discovered pro-inflammatory
programmed cell death, which depends on caspase-1 acti-
vation, is characterized by cellular swelling and membrane
pore formation [15]. Pyroptosis occurs after the activation
of the nucleotide-binding domain and leucine-rich repeat-
containing receptors (NLRs) [16]. In the canonical pyrop-
tosis pathway, NLRs and other inflammasome complexes
can activate and cleave caspase-1 after the formation and
activation IL-18, IL-1β, and hydrolyzing gasdermin D
(GSDMD), playing vital roles in the pore formation on
plasma membranes [17], the imbalanced osmotic pressure
of cells, and the upregulation of the response of other pro-
inflammatory cytokines [18]. In the non-canonical path-
way, pathogen-associated molecular patterns (PAMPs) can
motivate caspase-4/5/11 and induce the destruction of cell
membrane integrity [19]. Several studies have reported the
higher expression of NLRs (NLRP3, NLRP6, and
NLRC4) in periodontitis [20, 21], which implies pyropto-
sis activation.

Indeed, gram-negative bacteria and their endotoxins
play an essential role in periodontitis development, and
P. gingivalis has high pathogenicity [22]. Although
P. gingivalis–LPS has been proven to be highly inflamma-
tory to periodontal tissues, and trigger the secretion of
various pro-inflammatory cytokines [23], literatures that
describe the role of P. gingivalis–LPS in pyroptosis
remains scarce. Considering the strong association of in-
flammation and pyroptosis, it was hypothesized that
P. gingivalis–LPS may promote pyroptosis in the perio-
dontium. In the present study, GFs were stimulated with
P. gingivalis–LPS in vitro and in vivo, in order to deter-
mine the role of pyroptosis in the initiation and develop-
ment of periodontitis. The aim of the present study was to
evaluate the role of P. gingivalis–LPS in inducing pyrop-
tosis in GFs. In addition, the regulation of various
pyroptosis-associated cytokines was analyzed in healthy
and chronic periodontitis (CP) gingival tissues.

MATERIALS AND METHODS

Experimental Ethics

The present study was approved by the Ethics Com-
mittee of the Hospital of Stomatology, Jilin University,
China. The participants provided a signed informed con-
sent before the study, and the clinical samples were col-
lected according to the ethical standard of the Declaration
of Helsinki. All animal experiments were conducted
according to the ethical guidelines for animals.

Clinical Samples Collection

The gingival specimens were collected at the Depart-
ment of Periodontology and Oral and Maxillofacial Sur-
gery, Hospital of Stomatology, Jilin University, China. The
specimens were obtained from 16 donors (19–56 years),
which were divided in to two study groups; healthy group
included healthy individuals (n = 8) from gingiviectomy in
third molars extraction and chronic periodontitis (CP)
group that included patients with chronic periodontitis
(n = 8) from periodontal flap therapy. A predefined inclu-
sion criteria were shown in Table 1. The gingival speci-
mens were cut into sections (4-μm thick) for immunohis-
tochemistry after dehydration and paraffin embedding.

Cell Culture

HGFs were obtained from five healthy individuals
(three males and two females), who underwent gingivec-
tomy during the third molars extraction. The cell extraction
was generated according to the steps previously described
in a study. Briefly, the gingival tissues were gently washed
with PBS and digested in 2.5 g/L of dispase II (Solarbio,
Beijing, China). The connective tissue part was isolated
before cutting into small fragments (1 mm3), and culturing
in Dulbecco’s modified Eagle’s medium (HyClone, USA)
containing 10% fetal bovine serum (Biological Industries
Co., Haemek, Israel). Then, this was maintained at 37 °C in
a humidified incubator with 5% CO2.

Cells were identified via the staining with the epithe-
lial marker cytokeratin 8 (Wanleibio, Shenyang, China)
and mesenchymal marker vimentin (Wanleibio). The cells
at the logarithmic growth phase from third to sixth pas-
sages were used in the present study.

Cell Viability

The HGFs were collected in 96-well plates, and chal-
lengedwithP. gingivalis–LPS (InvivoGen San Diego, CA,
USA) at different concentrations. Then, these cells were
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washed with PBS, and refreshed with culture medium
containing Cell Counting Kit-8 (CCK-8, Dojindo,
Kyushu Island, Japan) after 48 h. Afterwards, the absor-
bance was measured at 450 nm (OD 450) using a micro-
plate reader (Bole Life Medical Products Co, Ltd., Shang-
hai, China).

Caspase-1 Activation Detection

The activation of caspase-1 in HGFs infected with
P. gingivalis–LPS was detected using a caspase-1 activity
kit (Beyotime, Shanghai, China), according to manufac-
turer’s instructions, and the caspase-1 changing curve was
explored. The caspase-1 production was determined based
on the quantity of yellow colored p-nitroaniline (pNA)
from the cleavage of acetyl-Tyr-Val-Ala-Asp p-
nitroanilide (Ac-YVAD-pNA). Then, cells were harvested,
lysed, and centrifuged at 4 °C for 15 min at 16,000×g.
Afterwards, the supernatant was mixed with Ac-YVAD-
pNA in a 96-well plate, and the OD value was measured at
a wavelength of 405 nm.

Flow Cytometry Analysis

The cells were cultured in 24-well plates, and exposed
to different concentrations of P. gingivalis–LPS (1 μg/mL
for low and 10 μg/mL for high). The caspase-1 inhibitor Z-
YVAD-FMK (YVAD, Abcam, UK) was added to detect
the cell death. Cells were stained with Annexin V-FITC
(Beyotime, Shanghai, China) for phosphatidylserine expo-
sure, and with propidium iodide (PI) for the nucleus. Then,
these stained cells were analyzed using a flow cytometer
(BD Biosciences, San Diego, CA, USA). The rate of
double-positive–stained cells was used for comparison.

Lactate Dehydrogenase Activity Assay

In order to assess the membrane integrity of these
cells, the total LDH and LDH release activities of HGFs
were detected. After challenging with P. gingivalis–LPS
and YVAD in the 96-well plate, cells were washed with
PBS and detected using a LDH Assay Kit (Beyotime,
Shanghai, China). Then, the absorbance was measured at
490 nm.

Real-Time Quantitative Polymerase Chain Reaction

The total RNA from HGFs were isolated using the
TRIeasy™ reagent (YEASEN, Shanghai, China), and syn-
thesized to cDNA using a reverse transcription kit (YEA-
SEN). The mRNAs were expanded using the SYBR-Green
Real-time PCR master mix (YEASEN) in a CFX96 RT-
PCR Detection System (Bio-Rad, Hercules, CA, USA).
The primer sequences used in the present study are pre-
sented in Table 2. The qPCR cycling protocol consisted of
the initial activation cycle at 95 °C for 5 min, followed by
40 cycles of denaturation at 95 °C for 10 s, annealing at
60 °C for 20 s, extension at 72 °C for 20 s, and a final
extension at 72 °C for 5 min. The relative expression levels
of genes were calculated using the comparative 2−ΔΔCT

method. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control.

Gingival Inflammation Model Establishment

A total of 20 male Sprague-Dawley (SD) rats (5–
7 weeks old, 240–270 g) were provided by HFK

Table 1. Inclusion and Exclusion Criteria for Chronic Periodontitis Patients

Inclusion criteria Exclusion criteria

1) Diagnosis with chronic periodontitis 1) With drug or antibiotic therapy in the last 3 months
2) Probing depth (PD) ≥5 mm after initial periodontal therapy 2) With other systemic diseases (such as diabetes, immune or metabolic diseases)

3) With a smoking history

Table 2. The Gene Sequence Information

Gene Primer sequences (5′- 3′)

NLRP3 F: GTAGGTGTGGAAGCAGGACT
R: CTTGCTGACTGAGGACCTGA

Caspase-4 F: CACAATGGGCTCTATCTTCATCAC
R: CATTTGAGCTTTGGCCCTTG

Caspase-5 F: CTCGTGAAGAATTCCTGAGACTGTG
R: CCATTCCTTGCAGGCAGGT

GSDMD F: TGAATGTGTACTCGCTGAGTGTGG
R: CAGCTGCTGCAGGACTTTGTG

IL-18 F: ATGCCTGATATCGACCGAAC
R: TGGCACACGTTTCTGAAAGA

IL-1β F: CAGCAGCATCTCGACAAGAG
R: CATCATCCCACGAGTCACAG

RIPK3 F: CGGAGCCAAATCCAGTAACA
R: GCTTCAGGATCTTTAGGGCCTTC

MLKL F: CTCTTTCCCCACCATTTGAA
R: TCATTCTCCAGCATGCTCAC

GAPDH F: GCCATGTACGTAGCCATCCA
R: GAACCGCTCATTGCCGATAG
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BioScience, Beijing, China. These rats were fed under
specific pathogen-free conditions, and were randomly di-
vided into two groups (gingivitis and control groups). For
the gingivitis group, after the intraperitoneal injections of
10% chloral hydrate (0.35 mL/100 g), P. gingivalis–LPS
(15 μL, 1 mg/mL) was injected into the bottom of the
gingival sulcus at the labial site of the maxillary central
incisor on alternative days for 10 days.

For the control group, the rats were treated in exactly
the same manner. However, these rats received normal
saline instead of P. gingivalis–LPS. The bleeding on prob-
ing (BOP) and probing depth (PD) were recorded at the
initial and final times of injection. After 10 days, the
gingivae were excised into 4-μm sections, fixed in 10%
formalin, and prepared after dehydration and paraffin
embedding.

Immunohistochemistry

The clinical and animal sections were prepared and
analyzed for IHC using a previously described protocol
[24]. The clinical sections were stained for antibodies
against NLRP3, caspase-1, caspase-4, caspase-5, IL-1β
(ABclonal, Wuhan, China), and IL-18 (Biosynthesis, Bei-
jing, China). The animal sections were stained for anti-
bodies against NLRP3, caspase-1, IL-1β, IL-18, and
caspase-11 (Abcam, Cambridge, MA, USA). Then, these
sections were observed by light microscopy and calculated
using an Image-Pro Plus software 6.0 (Media Cybernetics,
Sarasota, USA) by the integrated optical density (IOD)
value [25].

Statistical Analysis

The data analyses were performed using the SPSS
v22.0 software (IBM, New York, USA). Comparisons

among groups were assessed using analysis of variance
(ANOVA). Dunnett’s t test was used to compare the differ-
ences among groups. A P value of < 0.05 was considered
statistically significant.

RESULTS

Cell Characterization

The immunological staining revealed that the cells
were typically spindle shape and negative for cytokeratin
8 and positive for vimentin (Fig. 1), which verified the
fibroblast category. Combining with the resource, cells
were confirmed as HGFs.

The High Concentration of LPS Promoted Cell Death
in HGFs

After exposure to LPS for 48 h, HGF growth was
significantly inhibited in a relatively high dose (≥ 50 μg/
mL), while no significant changes were observed when the
concentration was ≤ 10 μg/mL (Fig. 2).

LPS Changed the Caspase-1 Secretion in HGFs

Caspase-1 plays a key role during the process of
pyroptosis. Thus, caspase-1 secretion was detected in
HGFs. Under low LPS concentration (1 μg/mL), the
caspase-1 level reached its peak at 12 h, gradual decreased
with time, and tended to be stable at 48 h (Fig. 3a). A
similar trend was observed in high concentration LPS
(10 μg/mL). However, when the concentration was in-
creased to the toxic level (50 μg/mL), a higher caspase-1
level was observed at 48 h, when compared to that at 12 h
(Fig. 3b).

Fig. 1. Cell characterization with negative cytokeratin 8 and positive vimentin in HGFs.
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LPS Enhances the Membrane Permeability in HGFs

Pyroptotic cells exhibited changes in pore formation
and swelling. The flow cytometry analysis revealed that the
double positive (annexin V-FITC+/PI+) cell rate signifi-
cantly increased, and these results reversed after the addi-
tion of caspase-1 inhibitor YVAD (Fig. 4a). Although the
total LDH exhibited no changes, the LDH release quantity
was promoted by LPS stimulation at a high concentration.
However, YVAD suppressed this tendency (Fig. 4b). No-
ticeably, compared to the effects at 12 h, the effects were
reinforced at 48 h. These results indicate that LPS may
facilitate the membrane permeability of HGFs associated
with caspase-1, and this effect was more distinct with time
(Fig. 4).

LPS Promoted the Permeability by Pyroptosis

P. gingivalis–LPS is a common substance that trig-
gers inflammatory cytokine secretion. Both pyroptosis and
necroptosis are induced by this inflammatory response. In
order to determine the final direction, the associated genes
expression was analyzed. The mRNA expression of
NLRP3, caspase-5, IL-1β, and IL-18 were upregulated at
different levels after LPS infection, while caspase-4 level
exhibited insignificant changes. Furthermore, as the pore
protein in pyroptosis, GSDMD gene expression increased
at mRNA level, but was attenuated by the addition of
YVAD (Fig. 5a). However, RIPK3 and the pore proteins
in necroptosis MLKL did not exhibit any significant
changes, and the mRNA levels were not interfered by the
addition of YVAD (Fig. 5b). Those consequences

demonstrate that LPS augments the membrane permeabil-
ity through the activation of the pyroptosis reaction.

The Upregulation of Pyroptosis in Gingival Tissues
with Periodontitis

In order to assess the pyroptosis activity in the gingi-
val tissues of periodontitis, samples obtained from the CP
and healthy groups were collected and stained with
pyroptosis-associated proteins (Fig. 6). Compared with
the healthy group, NLRP3, caspase-1, caspase-4, IL-18,
and IL-1β expression levels were higher in CP group,
while caspase-5 exhibited no significant differences be-
tween the two groups (Table 3, Fig. 6).

LPS Triggered Gingivitis in the Rat Experimental
Model

After 10 days, all the rats were healthy, and survived
without presenting any sign of systemic disease. The gin-
givae of rats treated with LPS turned red and swollen.
Among these 10 rats, eight rats presented with BOP (+),
while merely one rat was similar to that of rats in the
control group. In addition, the PD significantly increased
after the LPS injection (P < 0.01), indicating that
P. gingivalis–LPS may promote gingivitis development
(Table 4).

LPS Facilitated the Pyroptosis of Gingivitis In vivo

It was further analyzed whether P. gingivalis–LPS
can promote gingival pyroptosis in vivo. The results
revealed that NLRP3, caspase-1, caspase-11, and IL-1β
expression levels significantly increased in the gingivitis

Fig. 2. Cell viability under different concentrations of P. gingivalis–LPS. The LPS (50 μg/mL) significantly inhibited the HGF growth (P < 0.01).
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group, while IL-18 did not exhibit any significant differ-
ences (Fig. 7, Table 5). These findings demonstrate that
P. gingivalis–LPS induced gingivitis existed after the
pyroptosis activation.

DISCUSSION

The present study investigated the role of
P. gingivalis–LPS in inducing pyroptosis in gingival fibro-
blasts, and regulating the associated cytokines at the

molecular level. A rat model was used to induce gingivitis
by injecting P. gingivalis–LPS, and the role of pyroptosis
in the initiation and development of periodontal diseases
was determined. The result of the present study demon-
strated that P. gingivalis–LPS inhibits HGF growth and
facilitates the membrane permeability of HGF associated
with caspase-1. P. gingivalis motivates the host’s immune
responses to bacterial challenges, and manipulates a series
of immune escapes, resulting in the destruction of peri-
odontal tissues [26, 27]. P. gingivalis–LPS possesses
immunobiological activities, which include the secretion

Fig. 3. The caspase-1 activity in HGFs under P. gingivalis–LPS infection. a The changes in caspase-1 secretion level under 1 μg/mL of LPS at different time
points; b the caspase-1 secretion levels under different concentrations at 12 and 48 h.
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of various kinds of inflammatory cytokines and stromal
degradation [28]. Cytokines attract immune cells and facil-
itate the destruction of periodontal tissues [29]. In contrast
to gingivitis, periodontitis leads to irreversible bone resorp-
tion and attachment loss [30]. Although pyroptosis exists
in periodontal diseases, the role of P. gingivalis–LPS in
inducing pyroptosis is still not fully understood. Therefore,
it would be beneficial to explore the relationship between
P. gingivalis–LPS and pyroptosis in GFs.

P. gingivalis–LPS exhibited hypotoxicity and
inhibited the growth of HGFs at 50 μg/mL within 48 h.
The host can manipulate the inflammation by regulating
the pro-inflammatory or anti-inflammatory system, in or-
der to maintain the balance to a certain extent [31]. In the
present study, caspase-1 production was at a higher level at
12 h, when compared to that at 48 h (for 1 or 10 μg/mL of
LPS). However, this tendency vanished when the LPS
reached a toxic dose. The immune tolerance of HGFs is
likely to be regulated, while the LPS dose would remain

within a safe concentration, and the tolerance would dis-
appear after this exceeds the threshold [32].

Pyroptosis is a cascade reaction from inflammasome
complexes to executive proteins regulated by caspase-1,
and cell death is triggered through membrane channels
[33]. The flow cytometry analysis revealed that the double
positive cell proportion (annexin V-FITC+/PI+) increased,
while few annexin V-FITC+/PI- cells were detected. Sim-
ilarly, the LDH release was augmented after the addition of
10 μg/mL of LPS, implying that the integrity of the mem-
brane was altered in HGFs. Both results were reversed by
the extra addition of YVAD. Although the LDH release
contradicts with the CCK-8 assay, the total LDH outcome
was more in line with the CCK-8 results, which ensured the
reliability. In contrast to the pyroptosis, the apoptotic sig-
nals may induce membrane turnover, and present with
annexin V-FITC+/PI- at an early stage and annexin V-
FITC+/PI+ a later stage, finally turning into a shrinkage
and fracture status [34]. In addition, the occurrence of
apoptosis relies on the activation of caspase-3/7/9, instead

Fig. 4. P. gingivalis–LPS affected the membrane permeability in HGFs. a LPS increased the rate of double positive cells in HGFs, and YVAD limited this
effect. The effect was more obvious at 48 h, when compared to that at 12 h. b The total LDH amount had no significant difference among the different LPS
concentrations. The LDH release was greater at 10μg/mL of LPS in HGFs, presenting an increase inmembrane permeability (low, 1μg/mL; high, 10μg/mL;
YVAD, 1 mM).
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of caspase-1 [35]. These findings confirm that the LPS
induced pathological state is not apoptosis.

Furthermore, qPCR was used to validate these
results. After LPS infection, the mRNA levels of
NLRP3, caspase-5, IL-1β, and IL-18 were upregulated.
Furthermore, the GSDMD expression significantly in-
creased, which was consistent with the changes in the
membrane. NLRP is a promoter of pyroptosis, and
caspase-4/5 belongs to the non-canonical pyroptosis

pathway, which is independent of caspase-1 [36]. This
may restrict any significant changes in NLRP3 and
caspase-4/5 levels induced by YVAD. However, LPS
would directly activate the non-canonical pathway to
trigger these effects [37]. In the present study, caspase-5
was upregulated under 10 μg/mL of LPS. GSDMD, IL-
1β, and IL-18 were associated with pyroptosis.
GSDMD belongs to the gasdermin family, which is
capable of pore formation, changing the membrane

Fig. 5. P. gingivalis–LPS induced the pyroptosis, but not the necroptosis, in HGF. a The NLRP3, IL-1β, IL-18, and GSDMDmRNA levels increased under
LPS stimulation. YVAD slightly decreased the effect, while a slight change was observed for caspase-4 and caspase-5. bRIPK3 andMLKL slightly changed,
and YVAD had no effect on this expression (low, 1 μg/mL; high, 10 μg/mL; YVAD, 1 mM).
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structure, and misbalancing the osmotic pressure [18,
38]. IL-1β and IL-18 are cleaved from pro-IL-1β and
pro-IL-18 to cause damage. IL-1β and IL-18 may re-
cruit other immunocytes to strengthen the inflammatory
response [39]. Precisely, IL-1β, IL-18, and GSDMD
can also function in the non-canonical pathway, even
though YVAD inhibits caspase-1 and the downstream
reactions [40]. In the present study, caspase-5 activation
may regulate IL-1β, IL-18, and GSDMD. These results
present the distinction of these two pathways that exist
in the upstream activation, while sharing similar ulti-
mate molecules.

Fig. 6. The expression of different proteins in the human gingival samples. The expressions of NLRP3 (P < 0.01), caspase-1 (P = 0.023), caspase-4 (P =
0.041), IL-18 (P = 0.045), and IL-1β (P = 0.022) in the CP samples were significantly higher, when compared to those obtained from healthy subjects, while
caspase-5 had no difference (P = 0.365).

Table 3. The Expression of Different Proteins in the Human Gingival
Samples

Proteins IOD P value

CP Healthy

NLRP3 0.067 ± 0.032 0.020 ± 0.019 < 0.01
Caspase-1 0.052 ± 0.028 0.026 ± 0.013 0.033
Caspase-4 0.037 ± 0.020 0.021 ± 0.007 0.044
Caspase-5 0.024 ± 0.013 0.019 ± 0.013 0.416
IL-18 0.053 ± 0.259 0.027 ± 0.021 0.046
IL-1β 0.073 ± 0.028 0.040 ± 0.016 0.014
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However, for PCD, membrane permeability was not
only influenced by pyroptosis, but also necroptosis. This is
another kind of inflammatory cell death that presents an
annexin V-FITC+/PI+ in the flow cytometry and mem-
brane rupture [41], which is driven by RIPK3 and executed
by MLKL. Usually, caspase-8 is closely correlated to
necroptosis. Nevertheless, a recent study revealed the

molecular switching of caspase-8 between pyroptosis and
necroptosis, while pyroptosis may alter the necroptosis
level [42]. These present results demonstrated that there
were no changes in the MLKL level, and slight changes in
RIPK3 at a high concentration in the presence of YVAD.
The gene levels presented no differences. These results
indicate that the process is mainly driven by pyroptosis,

Table 4. Assessment of Periodontal Health in the Rat Model

Initial Final

PD (mm) BOP (%) P value PD (mm) BOP (%) P value

Gingivitis 0.63 ± 0.10 0 0.744 1.38 ± 0.29 80 < 0.01
Control 0.64 ± 0.11 0 0.73 ± 0.14 10

Fig. 7. The expression of different proteins in rat gingival samples. The expression of NLRP3 (P = 0.029), caspase-1 (P = 0.029), caspase-11 (P = 0.04), and
IL-1β (P = 0.031) in the CP samples were significantly higher, when compared to those obtained from healthy subjects, while IL-18 (P = 0.657) had no
difference.
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but not necroptosis, and that these two kinds of PCDs are
independent of each other.

In addition, the IHC analysis of the gingival samples
revealed that the expression of NLRP3, caspase-1/4, IL-
1β, and IL-18 was higher in the CP group, when compared
to the healthy group. In the animal model, the BOP,
NLRP3, caspase-1/11, and IL-1β expression levels in-
creased in the gingivitis group, when compared to the
control group, suggesting that P. gingivalis–LPS induced
the gingivitis. These findings also indicate that the pyrop-
tosis in GFs is activated during inflammation.

The 1–10 μg/mL P. gingivalis–LPS is usually selected
as phlogogenic concentrations for cells in oral environment,
such as macrophage, epithelial cell, and periodontal liga-
ment cell. HGFs account for the most abundant cells in
periodontal tissues. Therefore, healthy fibroblasts are likely
to enhance periodontal tissue regeneration and healing [43,
44]. The phlogogenic LPS concentration could not make a
lethal effect to cells in the short term; however, the killing
results might appear at a long-time exposure and cell phe-
notype was modified [45]. In present study, even though the
cascade reactions were totally activated, cell death still not
happened when LPS was increased to 10 μg/mL within
48 h, which seemed like a tolerance in HGF. Recently,
endotoxin tolerance induced by P. gingivalis–LPS was
found in neutrophils. This feature could contribute to limit-
ing immune damage, but have some adverse effects on the
bacterial restriction [46]. Considering the cell death could
also happen at a long-term stimulation, we supposed this
might appear as a “pro-pyroptosis” state at the stimulation of
practical conditions in HGF within 48 h because of endo-
toxin tolerance, and if the status was reversible when re-
moving the stimulation remained unknown.

There were some limitations in the present study. The
complex periodontal environment that contained multiple
pathogens and exposed to various environmental changes
could not be simulated. In addition to the LPS, various
other secretions or structures may result in pyroptosis [47,
48]. Similarly, local factors, including hypoxia [49] and

biofilm features [50], can also heighten the function, which
require further investigation. Although HGFs established a
“caspase-1 tolerance” from 12 to 48 h, the downstream
cytokines expressed higher at 48 h, suggesting the delayed
reaction of the signal transduction. However, whether HGF
existing endotoxin tolerance and the specific state between
inflammation and death require further research.

In summary, the present study demonstrated that
P. gingivalis–LPS can activate the pyroptosis reaction,
which may be a pro-pyroptosis status in a relatively low
concentration.
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